This paper proposes a new approach for suitable load buses identification via stability index tracing in performing corrective load shedding. The proposed identification technique is called the Fast Voltage Stability Index Load Tracing (FVSI-LT). By implementing a power tracing algorithm, a group of major contributors on the stress experienced by a power system is able to be precisely identified by a system operator (SO) based on the traced values of FVSI. To be precise, the traced FVSI via FVSI-LT can be used to form a ranking list indicating the priority of buses committed for shedding purpose. After designing a Fuzzy Inference System (FIS) for deciding the allowable load powers to be shed and performing experiment on IEEE 57-Bus reliability test system (RTS), it is revealed that the ranking list provided by FVSI-LT results to the most consistent improvement in terms of voltage stability and losses minimization.
Introduction
Adequacy of reactive power support plays a significant role in guarantying the health of a power system from any disturbances [1] . Sudden line and generators outages and extreme demand increases will cause reactive power insufficiency. As a result, the operating point of a power system moves very close to a critical point known as Saddle Note Bifurcation (SNB) of Q-V curve. When such disturbances dominate, any further reduction on reactive power support will lead to the worst phenomenon; namely voltage collapse or 'black-out' [2] . Scheduling on generators output powers, sizing on capacitor banks and transformers tap settings, and power flow control via Flexible Alternating Current Transmission System (FACTS) devices are the instances for counteracting any instability problems. However if all of them are exhausted, the only way for system recovery is by performing load shedding. Article [3] - [5] reported the techniques for rehabilitating the power system from being dominated by voltage collapse via under voltage load shedding (UVLS).
Meanwhile, various electricity tracing theories or simply power tracing algorithms have been proposed for solving transmission service pricing problems. Article [6] is considered as the pioneered method for tracing algorithm. A circuit theory based power tracing has been proposed by [7] . A unique tracing algorithm was proposed by [8] without requiring any assumptions like PSP or matrix inversion process. Next, optimization approach for real power tracing was firstly demonstrated by [9] . Because of involving too difficult problem formulation (too many constraints to be considered), the technique is less preferred for solving deregulated market problems. An Artificial Intelligence (AI) based tracing algorithm was firstly presented by [10] - [11] . This paper proposes a new approach for suitable load buses identification using stability index tracing. Instead of tracing the magnitude of powers as what others did, the proposed technique traces the Fast Voltage Stability Index (FVSI) contributed by load buses for better accuracy using any tracing algorithms; hence it is named as FVSI-Load Tracing (FVSI-LT). From the traced FVSI, a ranking list indicating the priority of load buses to be shed can be formed by a system operator (SO) for precise load buses selection prior to load shedding.
The Stability Index Tracing
In this paper, the Fast Voltage Stability Index (FVSI) is selected for the purpose of stability index tracing [12] - [13] . Since FVSI is a line based index (which means that it is only used to indicate stress experienced by a particular line), there is a need to modify the index for indicating load bus that contributes high stress on that line. This can be achieved by performing load tracing algorithm or specifically called FVSI-LT. The FVSI of an l-th line can be represented in (1).
(1)
For a stable power system, the value of FVSI shall not exceed unity. Otherwise, the voltage collapse phenomenon will dominate.
FVSI Modification for FVSI-LT
Load tracing is defined as a task to trace the powers (generators power, line flows, and losses) extracted by an individual load. Due to such fact, tracing the stability index is termed FVSI-Load Tracing (FVSI-LT). According to [9] , a power to be traced can be expressed as a summation of individual load participation in that power. Thus, an l-th line FVSI can also be expressed as a summation of individual load participation, as in (2). (2) Substituting (1) into (2) in the context of load tracing:
According to [9] , the participation of a load with power Q Li in receiving end line flow can be expressed as in (6) . (6) Thus, substituting (6) into (5):
It can be deduced that from (7), the FVSI of l-th line contributed by i-th load of power Q Li can be mathematically represented as in (8) . (8) Thus, the only way for tracing FVSI contributed by a load bus is by tracing the receiving end power fraction, x r i via any power tracing algorithms, as proposed in [6] , [11] and [14] . It is recommended to explore article [15] for a brief explanation on how to perform FVSI-LT using the existing tracing algorithms. By determining the traced FVSI as in (8) , the system operator (SO) is able to make a ranking list of load buses precisely indicating their priority to be shed.
Application of FVSI-LT
This section demonstrates the method for ranking load buses according to their priority based on the traced FVSI. Consider an IEEE 6-Bus reliability test system (RTS) as in Figure 1 with the calculated FVSI on line between bus 3 and 4 (FVSI 3 -4 ), bus 4 and 6 (FVSI 6 -4 ), and bus 5 and 6 (FVSI 6 -5 ). After performing FVSI-LT, the traced FVSI values contributed by each load are also included in Figure 1 . For example, FVSI on line between bus 4 and 6 contributed by load at bus 6 is noted as FVSI 6 -4(L6) .
From these values, a ranking list is tabulated as in Table  1 .
Table 1. Bus and Line Ranking Based on FVSI-LT

Rank Lines
Buses Traced From Table 1 , bus 3 possesses the highest traced FVSI and followed by bus 5, 4, and 6. From this example, bus 3 becomes the major contributor for the stress experienced by transmission line between bus 4 and 6. The SO has to perform load shedding by prioritizing bus 3 as the first location to be shed, followed by bus 5, 4, and lastly bus 6.
Problem Formulation via Fuzzy System
The purpose of performing FVSI-LT is to create a ranking list for precise load buses identification committed for shedding purpose. However, deciding suitable amount of load powers to be shed is the most critical task in load shedding problem as this will not only affect the post shedding condition, but also economical factors. Too many load buses interrupted during load shedding is not very effective. Hence, for fair amount of load powers decided for shedding with satisfactory voltage stability improvement, a decision making system has to be implemented, namely Fuzzy Inference System (FIS). For the purpose of this paper, only intuitive
Fuzzy Logic Concept
At first, it was proposed as a fuzzy set theory by L. A. Zadeh in 1965. Contrary to binary logic that takes only two values (either 0 or 1), designing a system via fuzzy logic can have the value in between; that is the mapped value from a crisp value is between 0 and 1. This enhances the flexibility of a FIS to be a good decision maker besides requiring only simple problem formulation. In deciding a crisp output value, a FIS infers one or more inputs based on fuzzy decision rule or if-then rule. There are two parts in the rule which are antecedent (input parts) and consequent (output part). The crisp values of input and output are mapped between 0 and 1 using membership functions; a group of linguistic variables plotted in graph form. A fuzzy rule consists of two-input antecedent and one output consequent is as follows.
Where, R i is the i-th rule, x 1 and x 2 are the inputs, y is the output, A, B, and C are the linguistic values specified within the input and output space. The basic decision making process of a FIS is divided to five steps; (1) fuzzify input; (2) apply fuzzy operator; (3) apply implication method; (4) aggregate all outputs; (5) defuzzification [16] .
Proposed Load Shedding Scheme
There are various techniques implemented for designing membership functions of FIS. Intuition, rank ordering, and probabilistic approach (optimization technique) [17] are the examples of techniques utilized for better membership functions design. Due to simplicity during problem formulation, intuitive technique is preferable. In this paper, the inputs to the designed FIS are the maximum FVSI (FVSI max ) and minimum voltage magnitude (V min ) of the system, whereas the output is the percentage of allowable load powers to be shed (SL). The fuzzy rules are constructed based on the decisions as tabulated in Table 2 . 
In addition, there are seven linguistic variables for each input and output, as follows.
• FVSI max : very low (VL), low (L), medium (M), high (H), very high (VH), stress (S), very stress (VS).
• V min : extremely low (EL), very low (VL), low (L), medium (M), stable (S), very stable (VS), extremely stable (ES). • SL: extremely low (EL), very low (VL), low (L), medium (M), high (H), very high (VH), extremely high (EH)
. Based on heuristic approach, seven linguistic variables were selected for better output. In addition, the trapezoidal and triangular membership functions were selected due to good sensitivity on to the change in input values. As reported in [17] - [18] , the maximum allowable percentage of load power to be shed is 60 percents to 80 percents.
Since the proposed load shedding scheme is performed iteratively (stage-by-stage), it is better to limit the percentage of shed load for each stage to a certain value. For the purpose of this paper, 20 percents (or 0.2) of shed load (SL) per stage is used and it is for both real and reactive load power. The proposed membership functions for the designed FIS are depicted in Figure 2 . For the The algorithm starts by initiating disturbances to a test system. A power flow program is simulated to obtain the stability condition at pre load shedding. Thus, the resulted FVSI max and V min are recorded and will be assigned as the inputs to fuzzy system. Later, a power tracing algorithm is implemented to perform FVSI-LT and the traced FVSI values are used for ranking load buses according to their priority. At this stage, an iterative load shedding begins by feeding inputs to the designed FIS for determining suitable amount of shed load powers, SL. Next, N shed (number of loads) loads are selected based on the created ranking list; that is, the topmost load bus is firstly selected prior to selecting the next load bus. Then, the power of selected load bus is shed based on FIS output (SL values) according to (9) . (9) After that, the condition of test system is evaluated via power flow program and the resulted FVSI max and V min are recorded. If the stability condition at post shedding is still unsatisfactory, similar looping process as illustrated in Figure 3 is required. Otherwise, the overall algorithm is terminated.
Results and Discussion
The proposed technique was implemented using MAT-LAB software and validated on IEEE 57-Bus RTS. For this paper, there are five ranking methods for load buses identification before performing load shedding. Two of them are based on FVSI-LT with different tracing algorithms. Whereas the remaining three (non FVSI-LT) are Loss Sensitivity (LS) [19] , Risk of Voltage Instability Index (RVI) [17] , and Voltage Magnitude based ranking (VM) [20] . The first FVSI-LT is marked as FVSI-LT A in which the tracing algorithm is based on optimization technique as proposed in [15] . The second one is FVSI-LT B with TGLDF [6] as the tracing algorithm. In conducting the experiment, all ranking methods are analyzed under four levels of contingencies (marked as CL) as follows.
• Generator outage: bus 2, 3 Load increase: 5% of total load power The result details for post load shedding in terms of V min , FVSI max , and losses P loss are tabulated in Appendix, Table A.
In the table, the pre load shedding condition (marked as 'pre') means the condition before load shedding was performed. From Table A, the graphical illustrations concerning V min , FVSI max , and P loss are depicted in Figure  4 , Figure 5 , and Figure 6 respectively. Firstly, by looking at Figure 4 all methods provide significant improvement on voltage profile throughout the contingencies levels. As compared to pre condition, V min has been improved to satisfactory magnitude of above than 0.90 p.u. It is seen that FVSI-LT A , LS, and VM provide optimal improvement on V min with magnitude of approximately 1.00 p.u. for all levels. The resulted trend of FVSI max at post load shedding is depicted in Figure 5 . This time, both FVSI-LT A and FVSI-LT B are the best ranking methods with the lowest trend of FVSI max through all contingencies levels (below than 0.20). The conventional ranking methods (LS, RVI, and VM) result to unstable trend of reduction as there exists fluctuation Figure 6 . The most consistent improvement on P loss is resulted by both FVSI-LT methods with reduced losses of about 10 MW, however there is still no result at CL2 for FVSI-LT B . Unstable trend of losses reduction is depicted by conventional ranking methods through all levels; implying that they are not very consistent as FVSI-LT. Moreover, the reduced P loss is not as good as the proposed technique especially at CL2 and CL3. From all analysis, it is revealed that the most consistent improvement can only be provided via FVSI-LT A . Based on Figure 4 to Figure 6 , the improvement trend resulted by this method is stable and optimal regardless of contingencies severity. As can be seen in Figure 5 and Figure  6 , their improvement trend consists of large fluctuation at CL1 to CL3 and the resulted FVSI max and P loss at those levels is not as good as FVSI-LT A . Moreover in providing satisfactory voltage stability improvement, the number of loads involved for load shedding, N shed required by conventional ranking methods are higher than that of Table A , VM is the only method that requires high N shed at all contingencies levels, followed by LS at CL2 and CL4, and RVI at CL3. Too many loads involved for shedding means large interruption occurs at consumer sites and this is not good for an efficient load shedding scheme.
FVSI-LT. From
Conclusion
In brief, a new approach for precise load buses identification has been proposed. The technique applied stability index tracing namely FVSI-LT for creating a useful ranking list of load buses. Based on the traced FVSI, the load buses are ranked according to their priority and this will help the system operator (SO) to perform accurate load buses selection prior to performing any corrective actions against voltage instability. After validating the reliability of ranking list in load shedding problem, it was justified that FVSI-LT is reliable as the improvement on voltage stability condition at post load shedding is consistent regardless of contingencies severity. As compared to other methods, ranking list via FVSI-LT provides satisfactory improvement in terms of voltage magnitude, line stress, and losses minimization. Such discovery has proven the capability of power tracing to be an alternative for voltage stability improvement besides solving power system economics problems as what other researches proposed.
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